Introduction
The Xenopus Polo-like kinase family is comprised of three members: Plx1, Plx2 and Plx3 (Kumagai and Dunphy, 1996; Duncan et al., 2001) , representing the Xenopus homologs of human Plk1, Plk2 (Snk) and Plk3 (Fnk/Prk), respectively. Plx1 was first cloned as a Cdc25-regulatory kinase from Xenopus egg extracts (Kumagai and Dunphy, 1996) , and Plx2 and Plx3 were cloned from a Xenopus cDNA library based on low stringency screening using a human Plk2 cDNA fragment as the probe (Duncan et al., 2001) . All three members share a similar structure: a conserved N-terminal serine/threonine kinase domain, and two conserved C-terminal regions, termed polo boxes.
In Xenopus oocytes, all three kinases seem to be regulated by similar mechanisms, and they may also share common substrates (Duncan et al., 2001) , although the restricted pattern of expression of Plx2 and Plx3 observed in embryos suggests that individual Plk family members may perform distinct functions at later stages of development. Since little work has been carried out on Plx2 and Plx3, this review will focus on the most extensively studied family member Plx1. Plx1 has been shown to be involved in regulating mitosis from the beginning to the end, including phosphorylation of cyclin B, regulation of cyclin B nuclear translocation, activation of Cdc25C, centrosome maturation, bipolar spindle formation, activation of the anaphase-promoting complex/cyclosome (APC/C) and cytokinesis. This review will evaluate the role of Plx1 in these events and discuss studies implicating both protein kinase activity and the polo box domain (PBD) as regulatory elements for mitotic regulation.
The activation of Plx1
Since Plx1 plays such an important role in initiating the G 2 /M transition, understanding the regulation of Plx1 activity is of particular interest. Polo-like kinases themselves are activated by phosphorylation, implicating the existence of upstream protein kinase(s) responsible for activation (Hamanaka et al., 1995; Tavares et al., 1996; Qian et al., 1998a) . Although Cdc2/cyclin B can activate Plx1 in an indirect poorly understood positive feedback loop at the G 2 /M transition (Abrieu et al., 1998; Qian et al., 1998a) , the initial activation of Cdc2/cyclin B requires the activation of Plx1 as a trigger kinase to initiate Cdc25C activation (Qian et al., 1998a (Qian et al., , 2001 ). This laboratory carried out a biochemical search for Plx1-activating kinases. Initially, a novel Ste20-related kinase, termed xPlkk1, purified from M phase Xenopus egg extracts and subsequently cloned, was identified as one of the Plx1-activating kinases (Qian et al., 1998b) . xPlkk1 could phosphorylate and activate Plx1 in vitro, and overexpression of xPlkk1 in oocytes accelerated the activation of Plx1 and the Cdc25C-dependent G 2 /M transition (Qian et al., 1998b) . Furthermore, upon treatment with serine/threonine phosphatases, xPlkk1 itself could be deactivated, indicating the presumed existence of a polo-like kinase kinase kinase (Qian et al., 1998b) . These results suggest that a protein kinase cascade regulates the activation of Plx1, involving xPlkk1 and an unidentified upstream kinase, xPlkk1 kinase.
However, recent studies demonstrated a positive feedback loop between Plx1 and xPlkk1 (Erikson et al., 2004) . In this study, it was demonstrated that Plx1 and xPlkk1 phosphorylate each other in addition to undergoing autophosphorylation (Qian et al., 1998a, b) . However, the amount of radiolabel incorporated was much larger for xPlkk1 than for Plx1. The phosphorylation of Plx1 by xPlkk1 has been previously shown to activate Plx1 (Qian et al., 1998b) , but the effect of phosphorylation of xPlkk1 by Plx1 was unknown. A subset of the sites responsible for activation was identified by a combination of direct sequencing of radiolabeled xPlkk1 and mutagenesis (Erikson et al., 2004) . This study showed that Plx1 phosphorylates xPlkk1 on activating sites in vitro, and activation was additive with that due to autophosphorylation. As xPlkk1 was originally purified as a Plx1-activating kinase (Qian et al., 1998b) , the fact that each kinase is able to phosphorylate and activate the other suggests that a positive feedback loop exists between xPlkk1 and Plx1. Three of the phosphorylation sites identified in xPlkk1 are Ser 482, Ser 486 and Ser 490. Mutation of these three amino acids to alanine greatly reduced the ability of Plx1 to both phosphorylate and activate xPlkk1 in vitro. A phosphospecific antibody against a synthetic peptide triply phosphorylated at these three sites recognized xPlkk1 from M phase (GVBD) oocytes, but not from G 2 phase oocytes, and also detected phosphorylation of endogenous xPlkk1 at these sites, indicating that phosphorylation at these sites occurs in vivo during the G 2 /M transition (Erikson et al., 2004) .
In any positive feedback loop it can be difficult to establish upstream/downstream relationships. A useful system to sort out such relationships is Xenopus egg or oocyte extracts, because these are amenable to depletion/reconstitution approaches. Using this approach, it was shown previously that Plx1 activation is upstream of Cdc25C (Qian et al., 2001) . In the present case, in oocyte extracts stimulated to undergo the G 2 /M transition by addition of PKI, the inhibitor of PKA, immunodepletion of xPlkk1 did not prevent activation of either Plx1 or Cdc2/cyclin B histone H1 kinase activity in oocytes, whereas immunodepletion of Plx1 prevented both activation of Cdc2/cyclin B histone H1 kinase activity, as shown previously (Qian et al., 2001) , and xPlkk1 phosphorylation. Addition of recombinant Plx1 to the depleted extract reversed these effects. Together, these results strongly suggest that xPlkk1 is not required for the activation of Plx1, and may instead be a downstream target of Plx1, at least during the G 2 / M transition (Figure 1 ). These results are fully consistent with the ability of xPlkk1 to accelerate Plx1 activation and the G 2 /M transition, since in those studies the activation of the feedback loop by xPlkk1 achieved a similar effect as that seen after introducing activated Plx1 to egg extracts (Qian et al., 1998b) . The feedback loop probably operates in a multicomponent 'module' like that described for the MAPK cascade. The Plx1 and xPlkk1 kinases coimmunoprecipitate from mitotic egg extracts, and the association appears to be polo-box dependent (Qian, Liu and Maller unpublished data) .
If xPlkk1 is not an upstream activating kinase for Plx1, then what kinases are responsible for initial Plx1 activation? It has been reported that PKA can phosphorylate and activate Plx1 in vitro . Under in vitro condition, PKA, but not xPlkk1, phosphorylated Thr 201, a site homologous to the major activation site Thr 210 in human Plk1 (Jang et al., 2002b) . These results differ from earlier studies in which xPlkk1 purified from Xenopus eggs phosphorylated a Thr 201 peptide and in which Plx1 mutated at Thr 201 was unable to be activated in vitro by xPlkk1 (Qian et al., 1998b) . Moreover, in oocyte extracts, the heat stable inhibitor of PKA, designated PKI, caused full Plx1 activation in the complete absence of PKA (Qian et al., 2001; Erikson et al., 2004) . Studies in this laboratory suggest that the substrate specificity of recombinant xPlkk1 from okadaic acid-treated Sf9 cells differs from the endogenous enzyme purified from eggs, which may explain the results of Jang et al. (2002b) .
Since Plx1 activity is regulated by phosphorylation during the G 2 /M transition, mapping the physiologically relevant phosphorylation sites in the kinase may help to identify the kinases and phosphatases acting upon individual sites, and the signaling pathways converging Figure 1 The positive feedback loop between Plx1 and xPlkk1. In a positive feedback loop, active Plx1 phosphorylates and activates xPlkk1. In turn, activated xPlkk1 can phosphorylate and activate Plx1. In vitro, the incorporation of radiolabeled phosphate into xPlkk1 was much higher for xPlkk1 than for Plx1. In vivo, depletion of xPlkk1 does not affect Plx1 activation, whereas the depletion of Plx1 significantly delayed the activation of xPlkk1. Thus, xPlkk1 appears to act downstream, rather than upstream of Plx1 as previously thought. The identity of the physiological Plx1 upstream activating kinase is still unknown. Activated Plx1 can phosphorylate and trigger the activation of dual-specificity phosphatase Cdc25C, which dephosphorylates Thr 14 and Try 14 of Cdc2, leading to entry into mitosis onto Plx1. In an effort to search for phosphorylation site(s) responsible for Plx1 activity regulation, Qian et al. mutated each of the five conserved serine/threonine residues within the N-terminal catalytic domain of Plx1 to an aspartic acid residue to potentially mimic phosphorylation. Of these five sites, mutation of Ser 128 or Thr 201 to Asp increased the kinase activity of Plx1 toward casein substantially, and the double mutation S128D/T201D increased kinase activity even further (Qian et al., 1999) . In vivo studies showed later that only Thr 201 is required for the activation of Plx1 (Qian et al., 1999) , and xPlkk1 phosphorylated in vitro a synthetic peptide encompassing Thr 201, but not a peptide encompassing Ser 128. This is consistent with the report that Thr 210 in Plk1, equivalent to Thr 201 in Plx1, is an activating site in vivo (Lee and Erikson, 1997) . By using a combination of biochemical approaches, Kelm et al. (2002) analysed the phosphorylation state of Plx1 in both Xenopus egg extracts and OA-treated Sf9 insect cells. Four major phosphorylation sites, Thr 201, Ser 260, 326 and 340, were identified. More recently, by using a novel mass spectrometric approach, a fifth site, Ser 25/26, was also identified . In spite of multiple sites of phosphorylation, mutation of sites other than Thr 201 had little effect on Plx1 activity . However, the possibility that the phosphorylation of these sites contributes to Plx1 localization or interaction with activators cannot be excluded.
Centrosome maturation and mitotic spindle formation
Studies in both Drosophila and fission yeast have clearly demonstrated the requirement for Plk activity in centrosome maturation and separation during formation of the bipolar spindle. In Drosophila, embryos from homozygous polo females display abnormal spindles which are highly branched and have broad poles (Sunkel and Glover, 1988) . In Drosophila larval neuroblasts, mutation in polo leads to a variety of abnormal mitoses, including overcondensed chromosomes, normal bipolar spindles with polyploid complements of chromosomes, bipolar spindles in which one pole can be unusually broad, and monopolar spindles (Llamazares et al., 1991) . In fission yeast, disruption of the plo1 gene also leads to the formation of monopolar spindles (Ohkura et al., 1995) . In higher eucaryotes, microinjection of anti-Plk1 antibodies into HeLa cells also resulted in the formation of monopolar spindles (Lane and Nigg, 1996) . In embryonic Xenopus cells, Plx1 is localized to mitotic spindles in a similar manner to that in mammalian cells. In early prophase, Plx1 has a bipolar localization at the spindle poles and colocalizes with gtubulin. Inhibition of Plx1 by microinjection of antiPlx1 antibodies into Xenopus embryos resulted in monopolar spindles with altered patterns of a-tubulin associated with a radial distribution of chromosomes around the pole (Qian et al., 1998a) . These observations are consistent with results of antibody injection into HeLa cells described above.
The exact mechanism by which Plx1 regulates bipolar spindle formation is not clear. However, evidence from studies in mammalian cells suggests that Plx1 most likely affects bipolar spindle formation by regulating both centrosome separation and maturation. In hydroxyureatreated U2OS cells, depletion of Plk1 by siRNA significantly reduced centrosome amplification (Liu and Erikson, 2002) . In HeLa cells injected with antiPlk1 antibody, the formation of monoastral microtubule arrays is a predicted result of impaired centrosome maturation, a process that requires Plk activity (Lane and Nigg, 1996) . Each monoastral microtubule array contains two centrosomes that have duplicated but failed to separate sufficiently to form bipolar spindles (Lane and Nigg, 1996) , suggesting a failure in centrosome separation. Both centrosome size and MPM-2 marker acquisition in these monoastral structures are significantly reduced, indicating the necessity of Plk1 function for centrosome maturation. It is therefore likely that Plx1 regulates centrosome separation and maturation by recruiting specific proteins necessary for these processes to centrosomes. In support of this idea, it has been found that Plk is involved in recruiting gtubulin and associated molecules to the centrosome (Sunkel and Glover, 1988; Lane and Nigg, 1996; do Carmo Avides et al., 2001; Donaldson et al., 2001) . To further elucidate the mechanism of regulation of centrosome maturation by Polo-like kinase, the identity of the Plk substrate(s) on the centrosome needs be determined.
The G 2 /M transition

Phosphorylation of cyclin B
Xenopus oocyte cyclin B1 has been shown to undergo phosphorylation in vitro with MAPK or Cdc2/cyclin B on five sites, identified as Ser 2, Ser 94, Ser 96, Ser 101 and Ser 113 (Izumi and Maller, 1991; Li et al., 1995) . The importance of phosphorylation at these sites in Xenopus cyclin B1 has not been established. In mammalian cells, it was previously reported that during the G 2 /M transition, Plk1 triggers the nuclear import of cyclin B1 by phosphorylating Ser 147, thereby inactivating the NES (Toyoshima-Morimoto et al., 2001) . This rapid nuclear import of Cdc2/cyclin B was thought to be essential for the induction and coordination of G 2 /M transition events. However, the Plk phosphorylation site in cyclin B and the function of the phosphorylation have been challenged by more recent studies (Peter et al., 2002; Yuan et al., 2002; Jackman et al., 2003; Walsh et al., 2003) . It was reported that active Cdc2 preferentially binds to a phosphorylated form of cyclin B1 (Jackman et al., 2003) . In Xenopus eggs and extracts, Cdc2/cyclin B is initially activated on centrosomes in prophase (Peter et al., 2002) . Recent data from the Xenopus system indicate that instead of Ser 113 (Ser 147 in human cyclin B1), Ser 101 (Ser 133 in human cyclin B1) is a Plx1 substrate (Walsh et al., 2003) . This is supported by data indicating that Plk1 phosphorylates cyclin B1 on Ser 133, instead of Ser 147, in mammalian cells (Jackman et al., 2003) . This phosphorylation of cyclin B1 initially occurs on centrosomes in prophase, and the phosphorylation does not cause cyclin B1 to move into the nucleus (Jackman et al., 2003) . It has been proposed that phosphorylated cyclin B1 facilitates the interaction between Cdk1 and Cdc25 (Peter et al., 2002) . In this case, centrosomes may function as sites of integration for the proteins that trigger mitosis (Jackman et al., 2003) .
Phosphorylation of Cdc25C
Cell cycle progression is controlled by protein phosphorylation/dephosphorylation reactions. Entry into mitosis depends on phosphorylation of the dualspecificity phosphatase Cdc25C, which dephosphorylates Cdc2 on Tyr15 and Thr14, and hence, activates the Cdc2/cyclin B complex that catalyses the G 2 /M transition (Dunphy and Kumagai, 1991; Izumi and Maller, 1991) . Although Cdc2/cyclin B itself is able to phosphorylate Cdc25C at the activating sites, forming a positive feedback loop (Izumi and Maller, 1993) , the initial phosphorylation of Cdc25C occurs before Cdc2/ cyclin B activation at the G 2 /M transition (Qian et al., 1998a) . In microcystin-treated interphase, Xenopus egg extracts with no detectable Cdc2 and Cdk2, full phosphorylation and activation of Cdc25C was still obtained, suggesting that other distinct protein kinases could be the trigger kinases for Cdc25C activation and the G 2 /M transition (Izumi and Maller, 1995) . Searching for such 'trigger' protein kinases, Plx1 was purified from Xenopus egg extracts as a kinase that associates with and phosphorylates the N-terminal domain of Cdc25C (Kumagai and Dunphy, 1996) . Examining its cDNA revealed that Plx1 is related to the Polo family of protein kinases. The observation that recombinant Plx1 phosphorylates Cdc25C and stimulates its activity in vitro, and that phosphorylated Cdc25C reacted strongly with mitotic phosphoprotein antibody, MPM-2 (Kumagai and Dunphy, 1996) , strongly suggests that Plx1 is a upstream kinase of Cdc25C in vivo. Since the initial work, more studies have been carried out in Xenopus egg extracts and oocytes, and the results show that Plx1 is indeed the initial phosphorylating and activating kinase for Cdc25C in vivo and is also required for the Cdc2/ cyclin B autoamplification loop with Cdc25C (Abrieu et al., 1998; Qian et al., 1998a Qian et al., , 1999 Qian et al., , 2001 Karaiskou et al., 2004) .
Stage VI Xenopus oocytes are resting in G 2 phase; upon treatment with progesterone (PG), the oocytes undergo germinal vesicle breakdown (GVBD) and enter into metaphase. This highly synchronized oocyte maturation process provides an ideal system to study Cdc25C activation. It was found that upon PG treatment, Plx1 activation is concurrent with Cdc25C and Cdc2/cyclin B activation, and injection of Plx1 facilitated the activation of both Cdc25C and Cdc2/ cyclin B compared to that in buffer-injected oocytes, whereas injection of kinase-dead Plx1 (N172) or affinitypurified anti-Plx1 antibody significantly delayed their activation (Qian et al., 1998a; Liu et al., 2004) . The inhibitory effect of Plx1 antibody was overcome by injection of wild-type, but not phosphatase-inactive Cdc25C, indicating that Plx1 is upstream of Cdc25C (Qian et al., 1998a) . In resting oocytes, injection of mRNA encoding constitutively active Plx1 alone was sufficient to activate Cdc25C and initiate the G 2 /M transition, and partial inhibition of Plx1 activation by antibody injection significantly delayed the activation of both Cdc25C and Cdc2/cyclin B (Qian et al., 1999) . A more recent study on stage IV oocytes also indicated the requirement of Plx1 for activation of both Cdc25C and Cdc2/cyclin B. These small oocytes do not respond to progesterone treatment. However, in these G 2 oocytes, the inactive form of Cdc2/cyclin B and Cdc25C are both present, but the Cdc2/cyclin B autoamplification positive feedback loop with Cdc25C is not functional due to the lack of Plx1 at the protein level. Overexpression of Plx1 restored the feedback loop (Karaiskou et al., 2004) . Similar results were also obtained in studies carried out with Xenopus egg extracts. In both interphase and cycling extracts, prevention of Plx1 kinase activation by addition of anti-Plx1 antibodies suppressed hyperphosphorylation of Cdc25C and Cdc2/cyclin B activation, indicating that Plx1 is a component of an amplification loop absolutely required for Cdc2/cyclin B activation and entering into mitosis (Abrieu et al., 1998) .
The details of how Plx1 interacts with Cdc25C remain to be further elucidated. However, a recent study from Yaffe's group suggests a two-step model. A priming kinase first prephosphorylates Thr 130 of Cdc25C to generate a docking site for binding of the Plk Cterminus containing the PBD. The binding then facilitates the subsequent activation of Cdc25C by Plk1-mediated phosphorylation (Elia et al., 2003a, b) . In support of this model, human Plk1 was found preferentially to interact with mitotic phosphorylated Cdc25C (Elia et al., 2003b) . This model will be discussed in the polo box section of this review. It was reported in an earlier paper (Crenshaw et al., 1998) that in Xenopus egg extracts, the cis/trans peptidyl-prolyl isomerase, Pin1, could interact with Plx1 during both interphase and mitosis, but only with the phosphorylated, mitotically active form of Cdc25C. It was found that the Pin1-Cdc25C interaction facilitated the dephosphorylation of Cdc25C by PP2A in vitro (Zhou et al., 2000) , a result consistent with previous reports that overexpression of Pin1 inhibited entry into mitosis, whereas mutation or depletion of Pin1 triggered premature mitotic entry accompanied by hyperphosphorylation and activation of Cdc25C (Lu et al., 1996; Crenshaw et al., 1998; Shen et al., 1998) . So far there is no evidence showing any effect of Pin1-Plx1 interaction on Plx1 activity.
During the cell cycle, Plx1 activity is regulated not only by phosphorylation as discussed above but also by its protein level. In the presence of mitotic stress, the checkpoint protein Chfr delays entry into mitosis (Scolnick and Halazonetis, 2000) . Chfr is a ubiquitin ligase, both in vitro and in vivo. In Xenopus egg extracts, the Chfr-mediated cell cycle delay requires ubiquitindependent protein degradation, as this delay is abolished by inactivating mutations in Chfr (Kang et al., 2002) . It was reported that a direct target of the Chfr pathway is Plx1 (Kang et al., 2002) . By ubiquitinating Plx1, and hence degrading the kinase, Chfr delays the activation of Cdc25C and the inactivation of the Wee1 kinase, leading to a delay in Cdc2 activation, and entry into mitosis.
Regulation of sister chromatid separation
In eucaryotes, sister chromatids remain physically attached from the time of their synthesis in S phase until the onset of anaphase, when accurate chromosome segregation occurs to ensure the faithful inheritance of genetic information by daughter cells. The cohesion of sister chromatids depends on chromosomal protein complexes called cohesins (Uhlmann and Nasmyth, 1998; Uhlmann, 2001 Uhlmann, , 2004 . To allow the separation of sister chromatids at the onset of anaphase, this cohesion has to be disrupted. In budding yeast, this event depends on proteolytic cleavage of the cohesin by an endopeptidase called separase, and this cleavage is enhanced by budding yeast Polo-like kinase, which phosphorylates the cohesin subunit Scc1/Mcd1 (Alexandru et al., 2001) . However, the situation is very different in other eucaryotes. In vertebrates, two different pathways dissociate cohesin from mitotic chromosomes (Waizenegger et al., 2000) . In the first pathway, the bulk of cohesin is removed from chromosomes in prophase and prometaphase by a mechanism independent of APC/C activation and Scc1 cleavage (Losada et al., 1998 (Losada et al., , 2000 Sumara et al., 2000; Hauf et al., 2001 ). In the second pathway, the small subpopulation of cohesin remaining on kinetochores from prophase until the onset of anaphase is removed by Scc1 cleavage mediated by separase (Losada et al., 2000; Waizenegger et al., 2000; Hauf et al., 2001) . This cleavage appears to be essential for sister chromatid separation because anaphase is inhibited in human cells that express noncleavable Scc1 (Hauf et al., 2001) .
Plx1 plays a very important role in the first pathway by regulating the dissociation of cohesin from chromatin in prophase and prometaphase. Sumara et al. (2002) have shown that in Xenopus interphase extracts and in human cells arrested in S phase, active Polo-like kinase is sufficient to dissociate cohesin from chromatin. In Xenopus M phase extracts, cohesin phosphorylation depends on Plx1, and phosphorylation of cohesin by human Plk1 strongly decreases the ability of cohesin to bind to chromatin (Sumara et al., 2002) . These results suggest that the dissociation of cohesin from chromatin in prophase and prometaphase is regulated by Plx1. More recently, Losada et al. (2002) proposed that Aurora B and Plx1 cooperate to destabilize the sister chromatid cohesion linkage through distinct mechanisms that may involve phosphorylation of histone H3 and cohesin, respectively. When both the mitotic kinases, Aurora B and Plx1, are simultaneously depleted from Xenopus egg extracts, the prophase release of cohesin is completely blocked, and the separation of sister chromatids is severely compromised. Plx1 is also likely involved in the second pathway by promoting separase-dependent Scc1 cleavage. Evidence from budding yeast showed that at the final stage of sister chromatids separation in anaphase, separase cleaves the Scc1 subunit of cohesin by specifically targeting the portion of cohesin bound to chromosomes. It was reported that Scc1 in chromatid-bound cohesin is significantly preferred by separase over Scc1 in soluble cohesin, most likely due to preferential phosphorylation of chromatin-bound Scc1 by Polo-like kinase (Hornig and Uhlmann, 2004) . Mutation of Polo-like kinase phosphorylation sites in Scc1 slowed cleavage of chromatin-bound cohesin, and hyperphosphorylation of soluble Scc1 by Polo-like kinase overexpression accelerated its cleavage to levels observed with chromosomal cohesin.
Exit from mitosis
The first biochemical evidence for a Plx1 requirement in mitotic exit came from the observation that addition of a kinase-dead Plx1 mutant to metaphase-arrested Xenopus egg extracts blocked Ca 2 þ -induced release into anaphase (Descombes and Nigg, 1998) . Concomitantly, the proteolytic destruction of several targets of the APC/ C, including cyclin B, and the inactivation of the Cdc2 protein kinase were prevented. Subsequent work showed that the metaphase to anaphase transition could be blocked by immunodepletion of Plx1, and was restored upon the addition of recombinant Plx1 (Qian et al., 1999; Liu et al., 2004 ). These results demonstrate that the metaphase/anaphase transition requires active Plx1, suggesting an important role for Plx1 in activation of the proteolytic machinery that controls the exit from mitosis. How does Plx1 regulate APC/C activity? Studies so far have shown three possible mechanisms: activating the APC/C directly, regulating APC/C regulator(s) and therefore the activity of APC/C itself, and preventing the APC/C from premature inactivation. These possibilities are not mutually exclusive. For direct regulation, there has been a report suggesting that Plx1 may activate APC/C by direct phosphorylation of several APC/C subunits (Kotani et al., 1998) . In budding yeast, the Polo-like kinase Cdc5 can phosphorylate Cdc16, Cdc27 and Apc9 in vitro (Rudner and Murray, 2000) . However, this in vitro phosphorylation is not observed in vivo, suggesting that the observed APC/ C phosphorylation reduction in Cdc5 mutant cells is an indirect effect of reduced Cdc5 activity, rather than a direct in vivo phosphorylation of these APC/C subunits by Cdc5 (Rudner and Murray, 2000) . This makes previous in vitro results using immunoprecipitated complexes in phosphorylation assays uncertain (Kotani et al., 1998) , as some unknown kinases may be present in the complex and mediate phosphorylation of the APC/ C. To potentially overcome this problem, Golan et al. used affinity-purified APC/C preparation from HeLa cells and found that both Cdc2/cyclin B and polo-like kinase directly phosphorylated APC/C subunits in different patterns. Each protein kinase could only partially activate the APC/C. However, following phosphorylation by both protein kinases, an additive and nearly complete restoration of ubiquitin ligase activity was observed, suggesting that these two protein kinases phosphorylate different APC/C subunits and jointly activate the APC/C (Golan et al., 2002) . In supporting this direct model, the fission yeast Polo-like kinase, Plo1, has been demonstrated to interact directly with Cut23 (Apc8), a subunit of the APC/C (May et al., 2002) . Moreover, Plx1 coimmunoprecipitates with the Xenopus APC/C in a PBD-dependent manner, although a direct interaction has not been established (Liu et al., 2004) .
The second mechanism may involve the regulation of APC/C activators or inhibitors by Plx1. Early mitotic inhibitor 1 (Emi1) inhibits the activity of both APC/ Cdc20 and APC/Cdh1 in Xenopus eggs and in mammalian cells (Reimann et al., 2001a, b; Hsu et al., 2002) . The degradation of Emi1 by a Skp1-Cullin F-box protein (SCF) ubiquitin ligase complex in early mitosis is necessary for the activation of APC/C activity toward cyclin A, and the ubiquitination of Emi1 requires phosphorylation. A recent study shows that in mammalian cells Plk1 is able to phosphorylate Emi1 and promote its ubiquitination, hence activating APCdependent proteolysis necessary for mitotic exit (Moshe et al., 2004) . It would be interesting to see if the same mechanism also is operative in the Xenopus system.
The third mechanism, proposed by Brassac et al. (2000) , suggests that besides activating the APC/C, Plx1 is also required to prevent premature inactivation of the APC/C. They reasoned that because Fizzy-related/cdh1 is not expressed during early embryonic mitotic cell cycles, at least in Drosophila and Xenopus (Sigrist and Lehner, 1997; Lorca et al., 1998) , Fizzy/Cdc20-dependent APC/C activity must be sustained long enough to maintain low Cdc2/cyclin B activity after completion of mitosis to allow reassembly of functional nuclei and DNA synthesis. Plx1 is suggested to antagonize an unidentified microcystin-sensitive phosphatase that inactivates the APC/C. Evidence in Xenopus egg extracts indicates that microcystin suppresses the requirement for Plx1 in Ca 2 þ -dependent exit from meiosis, and also prevents APC/C inactivation in the early mitotic cell cycle (Brassac et al., 2000) . Despite the progress in this area, much work needs to be carried out to thoroughly understand the exact mechanism of Plx1's involvement in mitotic exit. Some results are controversial, for example, activation of the APC/C by direct phosphorylation by Polo-like kinase, and clarification of these results require further investigation.
Cytokinesis
During oocyte maturation, Plx1 activity remains high after full activation of Cdc2/cyclin B at GVBD, and the decline in activity at each mitotic cell cycle occurs later than the decline of H1 kinase activity, suggesting that Plx1 might have additional function(s) after the inactivation of Cdc2/cyclin B (Qian et al., 1998a) . Polo-like kinases have been shown to play a role in cytokinesis, and much of the evidence came from studies on Schizosacchanomyces pombe (Ohkura et al., 1995; Bahler et al., 1998) , Drosophila (Carmena et al., 1998) , and more recently, S. cerevisiae (Song and Lee, 2001 ). In the absence of Plo1 activity, formation of a division septum is impaired in fission yeast, whereas overexpression of Plo1 leads to formation of an ectopic septum. In Drosophila, cytokinesis can fail at all stages of spermatogenesis in polo mutants (Carmena et al., 1998) . In budding yeast, depletion of Cdc5 results in arrests at multiple points during mitosis, suggesting a failure of cytokinesis (Song and Lee, 2001) . Consistent with a role in cytokinesis, budding yeast Cdc5 is located on septin structures through the interaction between polo boxes and two septins, Cdc11 and Cdc12 (Song and Lee, 2001) . Similarly, Plx1 is localized to the midbody in late mitosis in Xenopus embryos (Qian et al., 1999) . Interestingly, the inactivation of Plx1 may also be required for completion of cytokinesis in Xenopus embryos (Qian et al., 1999) . When one blastomere of a two-cell Xenopus embryo was injected with mRNA encoding constitutively active Plx1 (S128D/ T201D), the cell underwent cleavage arrest, whereas the embryos injected with wild-type Plx1 divided normally. The arrested cells were enlarged and contained multiple nuclei, suggesting defects in cytokinesis. Taking into account the results from yeast and Drosophila, it seems that the initiation of cytokinesis requires the activity of Plks, and the completion of cytokinesis requires their inactivation or degradation. This is consistent with the Xenopus Plx1 inactivation after exit from mitosis during completion of cytokinesis and with the degradation of Plk by the APC/C in late mitosis in other organisms (Qian et al., 1998a; Lindon and Pines, 2004) .
The polo box
The polo box is an evolutionarily conserved characteristic sequence motif located in the noncatalytic Cterminal region of the Polo-like kinases. Initially it was thought that each Polo-like kinase contains only one polo box comprising about 30 amino acids (Lee et al., 1998) . Recent crystal structure data (Leung et al., 2002; Cheng et al., 2003; Elia et al., 2003b) shows that except for Plk4/Sak, which only contains one polo box, each Polo-like kinase contains two polo boxes, termed polo box 1 (PB1) and polo box 2 (PB2), from N-terminal to C-terminal, respectively. The two polo boxes are linked by a B20 residue linker, and each box is B80 amino acid long (Leung et al., 2002; Cheng et al., 2003) , containing a continuous six-stranded antiparallel bsheet and an a-helix. Further studies showed that together with PB1, PB2 and the linker, the 45 residues N-terminal to the PB1 and the C-terminal residues after PB2 form a functional domain, called the PBD. The proper function of the polo box requires the entire PBD, and two polo boxes form either a intramolecular dimer (Cheng et al., 2003; Elia et al., 2003b) , or an intermolecular dimer in the case of Plk4/Sak (Leung et al., 2002) , to generate a binding cleft (Leung et al., 2002; Cheng et al., 2003; Elia et al., 2003b) . The functional polo box module contains the entire PBD and in the discussion below, PBD is used to represent the whole domain.
The PBD has been shown to be involved in many aspects of Polo-like kinase function. It is thought to localize the respective kinase to various mitotic structures during cell cycle progression, including centrosomes in early M phase, the spindle midzone in early and late anaphase and the midbody in cytokinesis, presumably to promote interaction between its catalytic domain and specific substrates and effectors (Lee et al., 1998; Jang et al., 2002a) . Trp 414 in PB1 of human Plk1 has been suggested to play a critical role in PBD substrate binding (Elia et al., 2003b) . Mutation of this residue to phenylalanine dramatically affects the ability of human Plk1 to complement the cdc5-1 defect in yeast and disrupts Plk localization at spindle poles and septin ring structures (Lee et al., 1998) . By comparing the effects of wild-type PBD and PBD W408F (Plx1 equivalent of W414 in human Plk1) on Plx1 function, Liu et al. (2004) recently demonstrated that the PBD is required for Plx1 to activate both Cdc25C and the APC/C in Xenopus. Addition of PBD mutants thus affects both mitotic entry and exit. Consistent with these results, Polo-like kinases have been shown to interact with Cdc25C (Kumagai and Dunphy, 1996; Ouyang et al., 1999) , and this interaction is polo box-dependent (Elia et al., 2003b) . In agreement with the direct binding between Plo1 and Cut23 (May et al., 2002) , Plx1 associates with the APC/C in a polo box-dependent manner, although direct binding to a specific APC/C subunit has not been established (Liu et al., 2004) . Since Plo1 binds to Cut23 but does not phosphorylate it, it is therefore possible that the role of PBD is to localize Plx1 catalytic activity in proximity to its substrate(s), possibly Cdc16 and Cdc27 (Golan et al., 2002) , or other APC/C regulator(s), like Emi1 (Moshe et al., 2004) . Furthermore, Plx1 function in bipolar spindle formation (Qian et al., 1998a) has also been demonstrated to be polo boxdependent (Liu et al., 2004) .
The PBD has also been shown to regulate Plk1 activity by binding to and inhibiting the kinase domain (Jang et al., 2002a) . The same region was implicated in stabilizing the protein level of polo-like kinases by interacting with Hsp90 (Simizu and Osada, 2000) . In a two-hybrid screen using Plo1 as a bait, a number of polo-box interacting proteins including Cut23 were identified (Reynolds and Ohkura, 2003) . So what is the role of the protein-protein interaction mediated by PBD? Two models have been proposed recently (Lowery et al., 2004) . In the first model, PBD docks to a scaffold protein and brings the kinase domain of Plk close to its specific substrate, like the regulation of APC/C activity during mitotic exit. In the second model, PBD binds to a presumably phosphorylated site of a Plk substrate, and leads to phosphorylation of the same protein (Figure 2 ). This model is best illustrated in the activation of Cdc25C by Plk in the G 2 /M transition. What is the mechanism of binding to the PBD? Does the PBD have a specific binding motif? In a proteomic screening, Elia et al. (2003a, b) identified the optimal sequence motif recognized by PBD, as Ser-[pSer/pThr]-[Pro/X]. They suggest that the binding of PBD to the motif depends on phosphorylation of a Ser/Thr by a priming kinase distinct from Plk itself. In the case of Cdc25C activation, it was proposed that Cdc2/cyclin B primed the site for Plk to phosphorylate and activate the phosphatase (Elia In model 1, a priming kinase phosphorylates the PBD-binding motif on Ser or Thr in the Plx1 substrate, generating a favorable interaction site for PBD. The PBD of the activated Plx1 can then bind to the phosphorylated binding site and facilitate phosphorylation of the substrate by Plx1 catalytic domain. Xenopus p38 mitogen-activated protein kinase g (Xp38g) was shown to act as a priming kinase in promoting the meiotic G 2 /M transition in progesterone-treated Xenopus oocytes. This is achieved by phosphorylating Cdc25C on Ser 205 to generate a docking site for Plx1 to allow the phosphorylation and activation of the phosphatase by Plx1 (Perdiguero et al., 2003) . In the second model, the priming kinase phosphorylates the Ser or Thr in a docking protein, which is normally tightly associated with a Plx1 substrate, and generates the PBD-binding site. The PBD of the activated Plx1 binds to the docking protein, bringing the catalytic domain of Plx1 in proximity to its substrate for phosphorylation. This model may apply to the phosphorylation of APC/C subunits, where Plx1 might bind to one APC/C subunit, possibly APC8, the equivalent of Cut23 in fission yeast (May et al., 2002) , and phosphorylate other subunits of the APC/C, most likely Cdc16 and Cdc27 (Golan et al., 2002) , ultimately leading to activation of the ubiquitin ligase et al., 2003a, b). However, questions have arisen about the significance of this model. First, bacterially produced Cdc25C with no pre-existing phosphate is an excellent substrate for Plx1 in vitro. Second, the interaction of the PBD with a 'primed' phospho site was much more evident with peptides than with fulllength enzyme (Elia et al., 2003a, b) . However, the concept in the model has gained support from recent data. It was found that Xenopus egg extracts treated with aphidicolin eventually undergo adaptation and enter into mitosis despite the presence of incompletely replicated DNA. This is due to phosphorylation of the checkpoint mediator protein Claspin by Plx1, causing its dissociation from chromatin, leading to inactivation of the Xenopus checkpoint effector kinase Chk1 (Xchk1), and release from cell cycle arrest. The phosphorylation of Claspin is promoted once Plx1 is docked to Claspin, possibly through its PBD, and the docking site on Claspin is generated by phosphorylation of Thr 906 by a distinct kinase (Yoo et al., 2004) . Other evidence for priming phosphorylation came from the studies on the Xenopus p38 mitogen-activated protein kinase g (Xp38g) (Perdiguero et al., 2003) . It was shown that Xp38g promotes the meiotic G 2 /M transition in progesteronetreated Xenopus oocytes and generates a docking site for Plx1 on Cdc25C very early after progesterone treatment. In particular, Xp38g phosphorylates Cdc25C on Ser 205, and this causes a small electrophoretic shift but little or no change in Cdc25C phosphatase activity. Subsequently, this phospho site appears to bind Plx1 and facilitate phosphorylation and activation of Cdc25C by Plx1. This finding supports the idea discussed earlier that Plx1 is a trigger kinase that functions upstream of Cdc25C early in mitosis and is contrast to the proposal that the initial 'priming' is introduced in Cdc25C by Cdc2/cyclin B (Elia et al., 2003a) . However, it appears that the priming-binding model may generally apply to PBD-protein interaction.
Future directions
While much progress has been made on the roles of Plx1, some key issues still remain to be addressed. Probably the most prominent one is identification of the 'real' upstream regulator of Plx1. xPlkk1 was initially thought to be a Plx1 regulator, but later studies showed it to be a downstream effecter of Plx1 that only activates Plx1 in a positive feed back loop (Erikson et al., 2004) . PKA has been reported to be a candidate, but the result lacks the support of in vivo data. Besides failure to observe significant phosphorylation of Plx1 by PKA in vitro in this laboratory, other data show that adding the potent PKA inhibitor PKI to oocyte extracts is sufficient to cause the activation of Plx1, Cdc25C and Cdc2/cyclin B (Qian et al., 2001; Erikson et al., 2004) . The identification of physiological activators of Plx1 in Xenopus remains an important area for future investigation.
Plx1 is required for bipolar spindle formation (Qian et al., 1998a; Liu et al., 2004) , but how it regulates this process is not well understood. Although it has been speculated that Plx1 might affect the maturation and separation of centrosomes, probably through the recruitment of essential proteins to the site, the exact mechanism will remain unknown until downstream Plx1 substrates are identified. Drosophila Asp is a microtubule-associated protein which is implicated in microtubule assembly from centrosomes (Gonzalez et al., 1990; Wakefield et al., 2001) . Asp not only interacted physically with Polo but also is phosphorylated and activated by Polo (Gonzalez et al., 1998; do Carmo Avides et al., 2001) . Whether there is a Xenopus Asp homolog that participates in Plx1-dependent bipolar formation is worthy of future investigation.
Another important area for future work is the regulation of APC-dependent proteolysis. Plx1 activity is clearly required to activate this pathway, as demonstrated by the inhibition of cyclin B degradation by dominant negative Plx1 (Descombes and Nigg, 1998; Qian et al., 1999; Liu et al., 2004) . The current models of APC/C activity regulation by Plx1 include direct phosphorylation of APC/C subunits and activation of the APC/C (Kotani et al., 1998; Rudner and Murray, 2000; Golan et al., 2002) , regulation of the association of APC/C regulators with the ubiquitin ligase (Moshe et al., 2004) , and preventing the APC/C from premature inactivation (Brassac et al., 2000) . Some of these models either lack in vivo evidence or require confirmation in other laboratories. However, one thing is clear: Plx1 regulates the APC/C activity through multiple pathways that require both kinase activity and an intact PBD.
